Systemic lupus erythematosus (SLE) is an autoimmune disease with a complex genetic basis that includes susceptibility gene(s) within the chromosome 1q41-1q42 region. Toll-like receptor 5 (TLR5), the innate immune receptor for bacterial flagellin, maps to chromosome 1q41 and contains a common stop codon polymorphism that abrogates signaling (allele C1174T) and is associated with an increased risk of infection. By using transmission disequilibrium testing in a cohort containing 199 affected patients and their 75 unaffected siblings and 326 parents, we found that allele 1174C, but not 1174T (with the stop codon), was preferentially transmitted to SLE-affected offspring (a 19:6 transmitted͞not transmitted ratio, P ‫؍‬ 0.009). In contrast, the alleles of the other three TLR5 SNPs did not exhibit preferential transmission. In addition, we found that allele 1174C was not preferentially transmitted to unaffected offspring (3:6 transmitted͞not transmitted ratio, P value not significant). The allele frequency of 1174T in the probands was 3.2% compared with 5.8% in unaffected individuals, which was consistent with a protective association (odds ratio, 0.51; 95% confidence interval, 0.26 -0.98; P ‫؍‬ 0.041). Subjects with the TLR5 stop codon produced significantly lower levels of proinflammatory cytokines in comparison with individuals with the wild-type genotype. Together, these results indicate that the TLR5 stop codon polymorphism is associated with protection from the development of SLE. These data support a role for flagellated bacteria and the innate immune response in the development of SLE with implications for novel immunomodulatory treatment strategies.
S
ystemic lupus erythematosus (SLE) is an autoimmune disease with a complex genetic basis that includes susceptibility gene(s) on multiple chromosomes (1) (2) (3) . Linkage of chromosomal region 1q41-1q42 with susceptibility to SLE has been identified and confirmed in independent cohorts that included several different ethnic backgrounds (4) (5) (6) . In addition, a syntenic murine region of chromosome 1, named Sle1, is also associated with lupus susceptibility (3) . By using a multiallelic, transmission-disequilibrium test (TDT), we previously found preferential transmission in this region of a poly(ADP-ribose) polymerase allele to affected offspring and lack of transmission to unaffected offspring (7) . However, a different study failed to confirm this association and raised the possibility that another locus in linkage disequilibrium with poly(ADP-ribose) polymerase was the causative gene (8) . Subsequent genomic sequencing and mapping data revealed that Toll-like receptor (TLR)5, the innate immune receptor for bacterial flagellin, is located at 1q41 (9) .
TLRs constitute a family of transmembrane proteins that differentially recognize pathogens and initiate inflammatory signaling pathways (10) (11) (12) (13) . TLRs are type I transmembrane proteins that contain an extracellular leucine-rich region involved in pathogen recognition and a conserved intracellular Toll͞IL-1 receptor domain that activates a signaling pathway. Stimulation of the TLR pathway culminates in NF-B activation and transcription of immune response genes, such as cytokines and chemokines. Because of their central role in the regulation of inflammation and the immune response to pathogens, TLRs are excellent candidate genes for genetic susceptibility studies for autoimmune diseases. In fact, a recent study indicated that TLR9 and MyD88 pathways, when stimulated by certain immune complexes, mediated production of autoantibodies (14) . We also recently found that polymorphisms in TLR9 are associated with SLE and lupus nephritis. ʈ We previously demonstrated that TLR5 recognizes bacterial flagellin, a potent inflammatory stimulus present in the flagellar structure of many bacteria (9) . We also found that a common stop codon polymorphism in the ligand-binding domain of TLR5 (TLR5 392STOP ) is unable to mediate flagellin signaling, acts in a dominant fashion, and is associated with increased susceptibility to pneumonia caused by Legionella pneumophila (15) .
Because TLR5 is a critical regulator of inflammatory pathways and maps to chromosome 1q41, we hypothesized that the stop codon variant is associated with susceptibility to SLE. To test this hypothesis, we used a TDT in a Caucasian SLE cohort and found that the TLR5 stop codon polymorphism, but not other TLR5 alleles, is associated with protection from developing SLE. We also found that this association was most pronounced in individuals who are seronegative for anti-dsDNA autoantibodies. These results suggest a role for the innate immune response in the development of SLE that involves flagellated bacterial infections.
Materials and Methods
Materials. RPMI medium 1640, L-glutamine, and penicillinstreptomycin were from Life Technologies (Carlsbad, CA). Ultrapure lipopolysaccharide was from Salmonella minnesota R595 (List Biological Laboratories, Campbell, CA). Flagellin (FliC) was purified from Salmonella typhimurium strain TH4778, which is fljB-͞fliC ϩ , as described in refs. 9 and 16. Protein Analysis. Peripheral blood mononuclear cells (PBMCs) were isolated from 50 ml of blood from individuals with a Ficoll gradient separation as described in ref. 15 . Cells were plated in RPMI medium 1640 supplemented with 10% FCS, penicillin, and streptomycin and stimulated for 18 h; supernatants were then harvested. Cytokine levels were determined with a sandwich ELISA technique (DuoSet, R & D Systems).
Results
To examine whether TLR5 polymorphisms are associated with susceptibility to SLE, we used the TDT in an extended Caucasian SLE cohort containing 199 affected patients and their 75 unaffected siblings and 326 parents (7). TLR5 is a type I transmembrane protein with a 642-aa, leucine-rich extracellular domain, an 18-aa transmembrane domain, and a 198-aa cytoplasmic Toll͞IL-1 receptor homology signaling domain. The coding region of TLR5 has four common SNPs, including a cytosine-to-thymidine transition at base pair 1174 that changes an arginine at amino acid 392 to a stop codon and prematurely truncates TLR5 in the extracellular domain and causes the loss of the transmembrane domain and the entire signaling cytoplasmic tail (TLR5 392STOP ) (15) . Two additional nonsynonymous SNPs [A1775G (amino acid N592S) and T1846C (F616L)] alter residues in the ectodomain, and a fourth synonymous SNP [A2523G (K841K)] is in the cytoplasmic tail. By using the TDT, we found that allele 1174C, but not 1174T (with the stop codon), was preferentially transmitted to SLE-affected offspring [a 19:6 transmitted͞not transmitted (T͞NT) ratio, P ϭ 0.009), whereas the alleles of the other three TLR5 SNPs did not exhibit preferential transmission (Table 1) . Thus, the stop codon allele (1174T) was significantly undertransmitted to SLE offspring. In addition, we found that allele 1174C was not preferentially transmitted to unaffected offspring (a 3:6 T͞NT ratio; P value not significant). SNP 1174 exhibited linkage disequilibrium with SNPs 1775 and 1846 but not with 2523 (DЈ ϭ 1 for 1174 -1775, DЈ ϭ 0.88 for 1174 -1846, and DЈ ϭ 0.64 for 1174 -2523; GOLD software). In light of this finding, we analyzed TLR5 haplotypes and their association with SLE (Table 1) . Consistent with the TDT results, the 2-, 3-and 4-loci haplotypes containing SNP 1174 also showed association with SLE in affected siblings (global P ϭ 0.0037, 0.0069, and 0.043, respectively; TRANSMIT 2.5.4 software) but not in unaffected siblings. The percent transmission was not significantly altered in haplotypes containing 1174C with other TLR5 SNPs when compared with analyzing allele 1174C alone. Together, these results suggest a strong association of the TLR5 1174 locus with susceptibility to lupus. We analyzed this association further by comparing allele frequencies of the four TLR5 SNPs in the affected probands with unaffected siblings and parents ( Table 2 ). The allele frequency of 1174T in the probands was 3.0% compared with 5.8% in the total unaffected individuals (5.3% in the unaffected siblings and 5.9% in the unaffected parents) ( Table 2 ). The odds ratio for this comparison was 0.51 (95% confidence interval, 0.26 to 0.98; P ϭ 0.041; PRISM 3.02 software), consistent with a protective association. The allele frequency of the other three TLR5 SNPs did not show a significant difference between these two groups. Similar to the TDT analysis, these Data presented are derived from TLR5 alleles transmitted and not transmitted from heterozygous parents to offspring in 199 Caucasian families. Data represent families that had complete genotyping data available for both parents and the affected or unaffected offspring. Data are shown as the percentage transmission (T) of each allele. The P value for each allele is the level of significance based on the deviation from the expected random (50%) allele transmission and was evaluated by using a 2 statistic. NS, not significant.
results suggested that the TLR5 stop codon allele (1174T) is associated with protection from SLE.
We next considered whether the TLR5 stop codon showed preferential association with particular clinical manifestations of SLE. Congenic analyses in mice have shown that Sle1 is composed of several loci that are associated with a loss of tolerance to chromatin and the production of anti-chromatin antibodies (Sle1a, Sle1b, or Sle1c) (3). These three loci require an additional locus, Sle1d, to increase susceptibility to nephritis. Mapping studies indicate that TLR5 is in the Sle1d region. These findings in the murine system suggest that different SLE clinical phenotypes may be preferentially associated with alleles in the 1q41 region. To explore this possibility, we used a stratified analytic approach with TDT to determine whether transmission of allele 1174 was associated with different SLE phenotypes. Although our sample size was limited for this analysis, the results were intriguing. For most of the phenotypes, there was a similar transmission frequency of allele 1174C for those with the phenotype in comparison with those without it (Table 3) . However, for anti-dsDNA antibody, 100% of the seronegative individuals transmitted allele 1174C compared with only 60% of seropositive individuals (an 8:0 seronegative T͞NT ratio, P ϭ 0.00087; a 9:6 seropositive T͞NT ratio, P ϭ 0.44). In addition, the stop codon heterozygous genotype frequency (1174CT) was lower in the seronegative subjects (3.2%) in comparison with the seropositive subjects (8.5%) ( Table 3) . Although this latter comparison suggested a trend toward a difference, it was not statistically significant because of the small sample size (P ϭ 0.21). Together, these results suggest that transmission of TLR5 1174C is more strongly associated with SLE in anti-dsDNA seronegative as opposed to seropositive individuals. Titers of autoantibodies to dsDNA are found in many patients with SLE and often correlate with the level of disease activity. The selective association of TLR5 392STOP with anti-dsDNA seronegative individuals suggests that the clinical heterogeneity of SLE may be caused by distinct molecular mechanisms.
Previous investigators have found dysregulated levels of proinf lammatory cytokines in SLE individuals, including IL-6, TNF-␣, and IL-1 (18) . To better understand the cellular function of the TLR5 stop codon and its ability to mediate inflammation during SLE pathogenesis, we examined whether primary cells from individuals with the stop codon produced similar levels of these proinflammatory cytokines in comparison with subjects with the wild-type TLR5 gene. We have previously shown that IL-6 production is impaired in flagellin-stimulated PBMCs from individuals who are heterozygous for the stop codon (15) . To further understand the ability of the TLR5 stop codon to mediate inflammation, we examined additional cytokines. We isolated PBMCs from individuals who were TLR5 wild type homozygotes (base pair 1174CC, amino acids 392RR) or TLR5 stop codon heterozygotes (base pair 1174CT, AA392R*). We stimulated the PBMCs with purified flagellin (125 ng͞ml) or lipopolysaccharide (10 ng͞ml) for 18 h, collected culture supernatants, and determined IL-6, TNF-␣, and IL-1␤ levels by ELISA. Flagellin-stimulated PBMCs from wild-type individuals (392RR) secreted IL-6, TNF-␣, and IL-1␤ (Fig. 1 A, C, and D) . In contrast, PBMCs from individuals with the TLR5 stop codon (392R*) produced less of each of these cytokines in comparison with wild type [392RR vs. 392R* average Ϯ SEM: IL-6, 1,893 Ϯ 528 pg͞ml vs. 249 Ϯ 164 pg͞ml (P Ͻ 0.05); TNF-␣, 114 Ϯ 15 pg͞ml vs. 20 Ϯ 6 pg͞ml (P Ͻ 0.05); IL-1␤, 1,098 Ϯ 364 pg͞ml vs. 358 Ϯ 70 pg͞ml (P ϭ 0.08)]. As a control, the PBMCs were stimulated with lipopolysaccharide, and no significant differences were detected between TLR5 wild-type and TLR5 stop codon individuals for each of the cytokines (Fig. 1B and data not  shown) . Together, these results suggest that individuals who are heterozygous for the TLR5 stop codon have a significantly impaired ability to produce several cytokines in response to flagellin stimulation. This blunted inflammatory response may protect these individuals from developing SLE.
Discussion
Linkage of chromosome region 1q41-1q42 region with SLE susceptibility has been found in multiple independent cohorts with different ethnic backgrounds, including EuropeanAmericans, African-Americans, and Asians (4 -6) . In addition, linkage of region 1q44 with SLE has been found in MexicanAmerican families (19) . The causative gene(s) and polymorphism(s) in this region remain(s) unknown. We have found a strong genetic association of a stop codon polymorphism in TLR5 with protection from SLE. Although these results suggest an association of TLR5 with lupus, we cannot exclude the possibility that these SNPs are in linkage disequilibrium with a nearby causative gene. However, the lack of transmission of allele 1174C to unaffected siblings and the lack of an association of the three other TLR5 SNPs with SLE argue against this possibility. Furthermore, because of its central role in regulating inf lammatory pathways, the biologic plausibility of TLR5's association with SLE is compelling.
A three-step hypothetical model has been previously proposed to illustrate the role of different genes in SLE pathogenesis (3).
Step 1 includes genes that trigger the loss of tolerance to nuclear autoantigens. In step 2, disruption of the immune system occurs, leading to immune dysregulation. Finally, step 3 includes genes that mediate autoimmune destruction of specific organs. Previous studies in congenic mice suggest that the Sle1 region includes at least four different loci and that three of them (Sle1a, Sle1b, and Sle1c) mediate loss of tolerance to nuclear antigens (step 1) (20, 21) . In contrast, Sle1d, the fourth locus, which is syntenic with human chromosome 1q41-1q42, is involved in the development of nephritis (step 3). It is hypothetically plausible that TLR5 and f lagellin could affect any of the three steps in the SLE pathogenesis model, including step 3, for which murine genetic studies suggest its strongest effect. In addition to stimulating cytokine production and innate effector mechanisms, f lagellin promotes maturation of dendritic cells and inf luences formation of the adaptive immune response (22) . In fact, f lagellin is a powerful adjuvant that promotes a T helper-2-type T cell response that stimulates antibody production (23, 24) . Activation of TLR5 triggers production of proinf lammatory cytokines, such as IL-6, which, in turn, can stimulate B cells to proliferate, differentiate, and secrete antibodies. Dysregulation of this process may lead to excessive production of cytokines as well as autoantibodies (18) . We previously demonstrated that TLR5 392STOP is nonfunctional in reconstitution assays and associated with markedly decreased IL-6 production in response to f lagellin stimulation of primary cells from heterozygous individuals (15) . In the current study, we have extended these studies and found that production of additional proinf lammatory cytokines (TNF-␣ and IL-1␤) is also impaired. TLR5 392STOP may provide protection from SLE by decreasing production of proinf lammatory cytokines during infection, which may inf luence formation of the adaptive immune response and production of autoantibodies.
These findings suggest a provocative hypothesis that flagellated bacteria trigger the development of SLE. Flagellated bacteria cause a number of medically important infections from pathogens, such as Escherichia coli, Pseudomonas aeruginosa, Salmonella species, Listeria monocytogenes, Treponema pallidum, and Borrelia burgdorferi. A recent study found that flagellins are immunodominant antigens that may trigger autoimmune intestinal pathology in patients with Crohn's disease (25, 26) . We hypothesize that flagellin could similarly stimulate systemic pathology in SLE. Overall, these genetic findings suggest a role for TLR5 in the pathogenesis of SLE and a potential treatment strategy directed at control of flagellated bacterial infections. The high population frequency of TLR5 392STOP raises the question of whether there is an evolutionary advantage to having this genetic variant. Our data suggests that TLR5 392STOP provides protection against autoimmune disease as one of those evolutionary pressures.
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